27 28 DELAY OF GERMINATION1 (DOG1) represents a major quantitative locus for the genetic 29 regulation of seed dormancy in Arabidopsis. Accumulation of DOG1 in seeds leads to deep 30 dormancy and delayed germination. Here, we report that the conserved B3 DNA binding 31 domains of the transcriptional repressors HIGH-LEVEL EXPRESSION OF SUGAR 32 INDICIBLE GENE2/ VIVIPAROUS-1/ABSCISIC ACID INSENSITIVE 3-LIKE1 33 (HSI2/VAL1) and HSI2-LIKE1/ VIVIPAROUS-1/ABSCISIC ACID INSENSITIVE 3-LIKE2 34
Seed dormancy is an adaptive mechanism that allows for the dispersal and survival of seeds over 58 distance and time, and ensures that germination occurs under favorable conditions (Finch-Savage 59 et al., 2006) . Seed dormancy is a complex trait that is regulated by both phytohormones and mutant dog1-3, which shows early germination, served as controls in this assay. These results 143 indicate that HSI2 and HSL1 act redundantly to repress DOG1 expression in seeds. Though their 144 functions overlap, the native HSI2 gene is able to fully complement HSL1, while HSL1 cannot 145 fully replace the function of HSI2. Furthermore, while seed dormancy is promoted by DOG1 146 expression, a relatively large increase in DOG1 expression, as seen in the hsi2 hsl1 double 147 mutant, appears to be necessary to significantly affect seed dormancy. 148 149 HSI2 directly regulates DOG1 by binding to its promoter 150 Since expression of DOG1 is upregulated and H3K27me3 enrichment at the DOG1 locus is 151 reduced in hsi2-2 knockout mutant Arabidopsis seedlings (Veerappan et al., 2012 (Veerappan et al., , 2014 , we 152 predicted that DOG1 could be a direct regulatory target of HSI2. To test this hypothesis, a 153 rescued hsi2-2 Arabidopsis line that expresses HA epitope-tagged HSI2 under the control of the 154 native HSI2 promoter (HSI2pro:HSI2-HA) was developed. Repression of DOG1 was restored in 155 this line with expression reduced, relative to hsi2-2, to levels similar to WT plants ( Figure 1C ). 156 To detect and quantify the enrichment of HSI2 at the DOG1 locus, a number of different primer promoter (DOGpro:LUC) was tested by transient expression assays using agroinfiltration of 164 tobacco (Nicotiana benthamiana) leaves ( Figure 1E ). Relatively strong luminescence signal, 165 indicating substantial luciferase activity, and elevated levels of LUC mRNA were detected in 166 leaves agroinfiltrated with DOGpro:LUC construct alone. However, luminescence and LUC 167 mRNA expression from DOGpro:LUC was significantly reduced when co-infiltrated with an 168 HSI2-expressing effector construct, indicating that expression from the DOG1 promoter in 169 tobacco leaves is repressed by co-expression of HSI2. 170 171 B3 domain is required for HSI2 function 172 The B3 domain of HSI2 (B3 HSI2 ) was reported to play an essential role in the regulation of 173 AGL15 and FLC by binding to RY elements in the proximal promoter or first intron of these 174 genes, repectively (Qüesta et al., 2016; Yuan et al., 2016; Chen et al., 2018) . We examined the 175 function of the B3 HSI2 domain in the regulation of the DOG1 promoter by transient expression 176 assays. An effector construct that encodes HSI2 with a mutated B3 domain (HSI2mB3) was co-177 infiltrated with the DOG1pro:LUC reporter construct into N. benthamiana leaves (Figure 2A ).
178
The DOG1pro:LUC reporter gene was strongly repressed by co-expression with intact HSI2; 179 however, co-expression of HSI2mB3 resulted in high levels of reporter gene expression 180 indicating that the B3 domain is required for HSI2-dependent repression of the DOG1 promoter. Figure 2B contains overlapping RY elements (RY1, 5' TGCATGCATG 3' ), while the P2 185 region contains a single RY element (RY2, 5' TGCATG 3' ) ( Figure 2B ). The expression of 186 luciferase reporter genes under control of the intact DOG1 promoter or promoters with 187 disruptions in RY1, RY2 or both were tested in Arabidopsis protoplasts using a dual luciferase 188 assay. As show in Figure 2B , loss of both RY1 and RY2 resulted in a 2.5-fold increase in 189 expression relative to the intact promoter, while mutation of RY1 led to a 2-fold increase and 190 RY2 disruption gave a 1.5 fold increase. Thus, the DOG1 RY elements appear to act additively 191 with the RY1 element showing a somewhat stronger repressive effect than RY2. To test whether the B3 HSI2 domain can bind directly to the RY elements in the DOG1 promoter in 194 10 vitro, we performed electrophoretic mobility shift assay (EMSA). DNA probes from the P1 and P2 regions of the DOG1 promoter were labeled with biotin at the 3' 196 end and incubated with His-Trx-tagged B3 HSI2 fusion protein. A strong signal indicating binding 197 of B3 HSI2 to probes containing the complex RY1 sequence element was detected, but the signal 198 for binding to probe containing the RY2 element was much weaker ( Figure 2C ). Probe with a 199 mutated RY1 element failed to bind B3 HSI2 , and a B3 HSI2 polypeptide with a disrupted B3 domain 200 (mB3 HSI2 ) failed to bind the intact RY1 element-containing probe. These results indicate that the 201 B3 domain of HSI2 can specifically bind, in vitro, to the complex RY1 element in the proximal 202 promoter of DOG1, while binding to the single RY element found in the P2 region was 203 substantially lower, relative to RY1, under the conditions used.
204
To test whether the B3 domain is required for HSI2 enrichment at the DOG1 locus, we carried 205 out ChIP-qPCR assays using a transgenic Arabidopsis line that expressed HSI2 with a disrupted 206 B3 domain under the control of the native HSI2 promoter in the hsi2-2 mutant background 207 (HSI2pro:HSI2mB3) (Chen et al., 2018) . Plants from three independent transgenic lines (2, 3 and 208 10), that express HSI2mB3 at levels similar to the intact HSI2 transgene were analyzed as 209 biological replicates ( Figure 2D ). Expression of DOG1 remained high in these lines, indicating 210 that HSI2-dependent repression of DOG1 was not restored by complementation with HSI2mB3.
211
ChIP-qPCR analysis showed that, unlike intact HSI2, HSI2mB3 fails to accumulate at the 212 proximal promoter region of the DOG1 locus ( Figure 2E ). Similar results were obtained for the 213 enrichment of HSI2 at the AGL15 locus, which was included as a positive control in this ChIP-214 qPCR analysis.
215

PHD domain is required for HSI2-mediated repression of DOG1
216
The HSI2 PHD domain (PHD HSI2 ) was shown to be essential for HSI2-dependent repression of 217 AGL15 expression and HSI2 enrichment at the AGL15 locus (Chen et al., 2018) . To test whether 218 PHD HSI2 also plays a role in DOG1 silencing, the DOG1pro:LUC reporter construct was co-219 infiltrated into N. benthamiana leaves with intact HSI2 or HSI2mPHD in which eight conserved 220 amino acids of the PHD domain were substituted (C39S, C42S, C65S, C68S, H73L, C76S, C93S 221 and C96S) (Chen et al., 2018) . As expected, luciferase activity and mRNA expression levels 222 were significantly reduced when DOG1pro:LUC was co-expressed with intact HSI2, but co-( Figure 3B ). Rather, expression of HSI2mPHD in hsi2-2 plants resulted in an increase in DOG1 226 expression by more than 2-fold, relative to the hsi2-2 null allele, though expression in these 227 plants was not as high as in hsi2 hsl1 double mutant seedlings ( Figure 3B ). To test if the PHD 228 domain is also required for HSI2 enrichment at the DOG1 locus, we performed ChIP-qPCR 229 using WT, and HSI2pro:HSI2-and HSI2pro:HSI2mPHD-expressing Arabidopsis seedlings 230 ( Figure 3C ). The results showed that, relative to intact HSI2, HSI2mPHD failed to accumulate at 231 the P1 or P2 regions of the DOG1 gene, indicating that PHD domain is essential for HSI2 232 accumulation at the DOG1 locus. Figure 1B) . Relative expression of endogenous DOG1 was also tested in 244 HSI2pro:HSI2mCW and HSI2pro:HSI2mEAR rescued hsi2-2 Arabidopsis seedlings 27 . Consistent 245 with the agroinfiltration assays, the results showed that the DOG1 expression in these mutant 246 lines was similar to that in WT seedlings, being strongly repressed relative to hsi2-2 247 (Supplementary Figure 1C ), confirming that intact HSI2 CW and EAR domains are not required 248 for HSI2-mediated repression of DOG1 expression in Arabidopsis. with HSI2:HSL1 heterodimers. To confirm these findings, we tested the interactions between 253 HSI2 and HSL1 using both bimolecular fluorescence complementation (BiFC) and yeast two-254 hybrid assays, which showed both heterodimer and homodimer formation (Supplementary 255 Figure 2A -C and Figure 4G ). Further analysis indicated that the B3 domain is not required for 256 13 dimerization since HSI2mB3 was still able to form homodimers (HSI2mB3:HSI2mB3), and 257 heterodimer (HSI2mB3:HSL1) in vivo ( Figure 4A, B ). However, HSI2mPHD was unable to 258 interact with either HSI2 or HSL1 ( Figure 4C , D and G). These BiFC results were confirmed 259 using both co-immunoprecipitation (CoIP) ( Figure 4E , F) and yeast 2-hybrid assays ( Figure 4G ). Protein sequence analysis showed that HSI2 and HSL1 share high sequence identity and contain 263 similar conserved regions (Tsukagoshi et al., 2007) . Since HSI2 harbors both PHD and B3 264 domains, which are required for HSI2 accumulation at the DOG1 promoter ( Figure 2E and 3C) 265 and are essential for full repression of DOG1 expression, we predicted that HSL1 might also be 266 enriched in the chromatin of the DOG1 locus. To confirm this, a gene construct that expresses 267 GFP-tagged HSL1 under control of the native HSL1 promoter (HSL1pro:HSL1-GFP) was 268 transformed into hsl1-1 Arabidopsis protoplast for ChIP-qPCR assays. The results indicated that, 269 like HSI2, HSL1 is significantly enriched at the proximal promoter regions (P1 and P2), of the 270 DOG1 locus ( Figure 5A ). To test whether the enrichment of HSL1 at the DOG1 locus depends 271 on HSI2, ChIP-qPCR was also performed in protoplasts from hsi2-2 Arabidopsis plants that 272 transiently expressed HSL1-GFP. In these assays, HSL1 was still able to accumulate at the 273 proximal promoter region of DOG1 in the absence of HSI2, indicating that HSL1 enrichment at 274 DOG1 is independent of HSI2 ( Figure 5B ). Significant HSI2-independent enrichment of HSL1 275 was also detected at the AGL15 promoter ( Figure 5A, B) . To confirm the hypothesis that HSL1 276 can physically bind to RY elements in the DOG1 promoter in vitro, we performed EMSA assays 277 using His-tagged HSL1-B3 fusion protein incubated with biotin-labelled probes containing RY1 278 and RY2 from the P1 and P2 regions of the DOG1 promoter, respectively ( Figure 5C ).
279
Consistent with the binding activity of the B3 HSI2 polypeptide, the B3 HSL1 polypeptide can bind 280 probe that contains the complex RY1 element more effectively than to probe containing the 281 single RY2 element ( Figure 5C ). However, EMSA signals for B3 HSL1 binding to RY1 in these 282 assays was much weaker than for B3 HSI2 . These results demonstrate that the B3 domain of HSL1 283 can bind to RY elements in the proximal promoter region of DOG1, leading to HSI2-284 independent HSL1 enrichment at the DOG1 locus. However, the reduced EMSA signal for 285 binding of B3 HSL1 appears to indicate that its affinity for RY elements is reduced relative to the 286 B3 HSI2 .
288
Repression of DOG1 by HSI2 and HSL1 is associated with H3K27me3 enrichment 289 Previously, we showed that loss of HSI2 in hsi2-2 knockout and disruption in hsi2-4 PHD 290 domain Arabidopsis mutant seedlings resulted in de-repression of DOG1 expression and reduced 291 15 deposition of H3K27me3 at the DOG1 locus (Veerappan et al., 2012 (Veerappan et al., , 2014 . Since HSL1 also 292 16 targets DOG1, we used ChIP-qPCR to examine the effects of various hsi2 and hsl1 Arabidopsis 293 mutations on the levels of H3K27me3 at DOG1 ( Figure 6 ). While enrichment of H3K27me3 was 294 significantly reduced, relative to WT, across the DOG1 locus in three hsi2 mutant lines (hsi2-2,
295
HSI2mPHD and HSI2mB3), H3K27me3 levels in hsl1-1 seedlings were similar to WT. These 296 results indicate that intact HSI2 mediates the trimethylation of H3K27 at WT levels in the 297 absence of HSL1 and the PHD and B3 domains are required for this activity. Thus, as with 298 transcriptional repression, HSI2 is able to fully complement the loss of HSL1 in H3K27me3 299 deposition. However, H3K27me3 deposition at the DOG1 locus was more strongly reduced in 300 the hsi2 hsl1 double mutant, than in the three hsi2 mutants, with the greatest effect seen at the C1 301 region ( Figure 6 ). Thus, it is apparent that HSL1 contributes to the deposition of H3K27me3 at 302 this locus. Xu et al., 2008; Bratzel et al., 2010) , is recruited by HSI2 to the FLC locus to promote 308 deposition of H3K27me3, leading to downregulation of FLC expression. Therefore, it seemed 309 likely that LHP1 could also be involved in the down-regulation of DOG1 expression. To test this 310 possibility, we evaluated the role of LHP1 in the repression of DOG1. Our results show that 311 DOG1 expression is significantly upregulated in lhp1 Arabidopsis seeds, relative to that in WT, 312 hsl1-1 and hsi2-2, but remained lower than in the hsi2 hsl1 double mutant ( Figure 7A ). Protein-313 protein interactions between HSI2:LHP1 and HSL1:LHP1 in vivo were confirmed by BiFC and 314 CoIP assays ( Figure 7B , C) and BiFC analysis also showed that the B3 HSI2 and B3 HSL1 domains 315 are sufficient for interaction with LHP1 ( Figure 7D ). ChIP-qPCR analysis using transgenic 316 Arabidopsis seedlings that express Myc-LHP1 showed significant LHP1 enrichment at both the 317 proximal promoter (P1) and exons (C1 and C2) of the DOG1 locus ( Figure 7E ). Finally, ChIP-318 qPCR analysis in lhp1 mutant seedlings showed significant reductions in H3K27me3 chromatin 319 marks across the DOG1 locus, relative to WT ( Figure 7F ). Shu et al. (2019) reported that CLF, a 320 histone methyltransferase component of PRC2, accumulated at FLC, AGL15 and DOG1 genes 321 that are directly regulated by HSI2 (Qüesta et al., 2016; Yuan et al., 2016; Chen et al., 2018) . We We identified DOG1, a key regulator of seed dormancy in Arabidopsis (Alonso-Blanco et al., 333 2003; Bentsink et al., 2006 Bentsink et al., , 2010 Huang et al., 2010) , as a direct regulatory target of 334 HSI2/HSL1-mediated transcriptional repression. HSI2 has been shown to regulate the 335 developmental transition from seeds to seedlings, at least in part, by directly silencing the 336 expression of the embryogenesis-promoting gene AGL15 (Chen et al., 2018) . HSI2 also affects 337 the switch from vegetative growth to flowering by the down-regulation of FLC and 338 FLOWERING LOCUS T (FT) (Qüesta et al., 2016; Yuan et al., 2016; Jing et al., 2019) . In these 339 cases, HSI2 was shown to interact, through its B3 DNA binding domain, with a pair of RY 340 elements, located in the proximal promoters of AGL15, the first intron of FLC or the second 341 intron of FT. We show here that HSI2 is also enriched in the chromatin at the proximal 5' region 342 of the DOG1 locus and binds strongly, in vitro, to the complex RY1 region in the proximal 343 DOG1 promoter, which contains multiple overlapping canonical RY elements, and more weakly 344 to the RY2 region, which contains a single RY element. ( Figure 2B ). Transient reporter gene 345 expression analysis indicates that both RY1, and the simpler RY2 element contribute to 346 transcriptional silencing and these observations agree with our ChIP-qPCR data that show strong 347 enrichment of HSI2 and HSL1 in vivo at the P1 region, which contains the complex RY element, 348 with lower but still significant enrichment at the P2 region, which contain the simple RY2 Our previously published data indicated that the PHD-like domain also plays a critical functional 364 role in HSI2-mediated transcriptional silencing (Veerappan et al., 2012 (Veerappan et al., , 2014 Chen et al., 2018) .
365
As shown in Figure 2D , expression of HSI2mB3 in the hsi2-2 seedlings fails to rescue the 366 transcriptional repression of DOG1, resulting in expression levels similar to that in hsi2-2 plants. 367 On the other hand, expression of the HSI2mPHD mutant in the hsi2-2 knock out mutant 368 background results in DOG1 expression reaching levels approximately 2-fold higher than in 369 hsi2-2 seedlings, though not as high as in the hsi2 hsl1 double mutant ( Figure 3B ). This 370 dominant-negative effect indicates that the PHD-like domain plays an important role in the 371 functional interaction between HSI2 and HSL1. We confirmed that HSI2 and HSL1 can form 372 homodimers and heterodimers in vivo, and the HSI2 PHD-like domain is required for 373 dimerization. Therefore, it seems likely that the inability of HSI2mPHD subunits to dimerize 374 interferes with HSL1 activity. One possible explanation for this could be competition between 375 functionally intact HSL1 dimers and HSI2mPHD monomers, which have intact B3 domains and 376 may retain the ability to bind non-productively to RY elements in the DOG1 promoter. However, 377 this seems unlikely since HSI2mPHD is not enriched at the DOG1 locus ( Figure 3C ).
378
Alternatively, HSI2mPHD monomers may compete with HSL1 dimers for components of the 379 HSI2/HSL1 repressive complex such as PRC2 subunits, LHP1, and histone deacetylases. , 1992; Meinke et al., 1992; Keith et al., 1994; West et al., 1994; Lotan et al., 1998; Luerssen 391 et al., 1998; Stone et al., 2001) . Bryant et al. (2019) recently reported that increased expression of 392 DOG1 under low temperature conditions is directly regulated by bZIP67, and indirectly by LEC1.
21
These authors showed that bZIP67 binds to G box-like elements in the DOG1 promoter, one of 394 which is located just upstream of RY1 ( Figure 2B) (Bryant et al., 2019) . Disruption of this 395 complex RY1 element in the DOG1 promoter was reported to completely abolish its ability to 396 drive GUS expression in protoplasts, suggesting that it is critical both for up-regulation and 397 down-regulation of DOG1 expression (Bryant et al., 2019) . It is possible that the RY1 element 
402
This conclusion is supported by the results of ChIP experiments that showed that FUS3 binds to 403 the DOG1 locus in vivo (Wang and Perry, 2013). However, results from our transient expression 404 assays using luciferase reporter genes controlled by intact and RY element-disrupted DOG1 405 promoters showed that, rather than abolish promoter activity, loss of one or both RY elements 406 resulted in increased reporter gene expression in protoplasts ( Figure 3B ). Therefore, the potential 407 regulatory relationship between HSI2/HSL1 and AFL factors at the RY elements in the DOG1 408 promoter remains to be elucidated.
410
Changes in chromatin structure associated with histone modifications play a critical role in the 411 regulation of seed dormancy (Footitt et al., 2015) . Repressive H3K27me3 marks form along the 412 DOG1 gene as dormancy declines and these marks accumulate rapidly on exposure to light. Our 413 data support the hypothesis that HSI2 and HSL1 repress DOG1 expression primarily through 414 PRC2-dependent deposition of H3K27me3 at the DOG1 locus. Compared to WT, three hsi2 415 mutant lines, including the T-DNA knockout hsi2-2, and hsi2-2 complemented with either 416 HSI2pro:HSI2mB3 or HSI2pro:HSI2mPHD, showed similar decreases in H3K27me3 levels at 417 the DOG1 locus. Although H3K27me3 at the DOG1 locus in hsl1 mutant seedlings was not 418 significantly reduced relative to WT, H3K27me3 in hsi2 hsl1 double mutant seedlings was 419 substantially lower than in hsi2 mutants. Therefore, although HSI2 is able to fully complement 420 the DOG1 expression and H3K27 trimethylation phenotypes in hsl1 knockout seedlings, both our results show that DOG1 expression is de-repressed in lhp1 seedlings ( Figure 7A ). LHP1 is 441 enriched at the DOG1 locus ( Figure 7E) , and is required for deposition of H3K27me3 chromatin 442 marks ( Figure 7F ). Thus, it is clear that LHP1 plays an important role in the repression of DOG1 443 and it is possible that LHP1 may provide a bridge between H3K27me3 marks and the 444 HSI2/HSL1/PRC2 complex. Research Institute for cellular fluorescence imaging. We also thank Dr. Kiran Mysore from the 576 Noble Research Institute for critically reading the manuscript and for stimulating discussions. EMSA signal seen when using the B3 HSI2 polypeptide than with the B3 HSL1 polypeptide indicates 666 that the B3 HSI2 domain may have higher affinity for the RY1 probe than the B3 HSL1 domain. 
